The intestinal wall is considered as a highly composite heterogeneous tissue characterized by a strong nonlinear stress-strain passive response with an exponential stiffening effect at higher deformations. The conventional theory of fiber-reinforced elastic solids allows one to describe the anisotropic strain energy as a function of the pseudo-invariants arising from the coupling of the elastic deformation and the direction of fiber reinforcement. In this paper, a multi-layer finite element model of the intestine walls is developed, based on an anisotropic hyperelastic theory of the layered structure, in which each layer may be considered as a composite reinforced by two families of fibers that are arranged in symmetrical spirals. A potential is proposed to model the intestine walls as a fiber-reinforced composite consisting of two directions of muscle-fiber reinforcement and a cross-ply collagen arrangement. Moreover, finite element simulations of a specimen cut from the intestinal walls were carried out by using the same form of strain-energy function, described by a well-known GasserOgden-Holzapfel (GOH) model, for each layer. The model parameters were optimized by fitting the model to the experimental stress-stretch responses in both longitudinal and circumferential directions. In order to verify the proposed model, finite element analyses were carried out to investigate the distributions of equivalent stress in the intestine after the complete deployment of capsule robot legs.
Introduction
In human anatomy, the intestine is the segment of the gastrointestinal (GI) tract extending from the pyloric sphincter of the stomach to the anus and, consists of two segments, the small intestine and the large intestine. The capsule endoscopy has been the most effective medical device to examine the GI tract painlessly and non-invasively, but the passive feature of capsule endoscopy makes it out of control in the intestine [1] . In recent years, many researchers have been engaging in developing a capsule robot using various driving mechanisms [2] [3] [4] [5] . The capsule robot, which can examine the whole GI tract non-invasively and actively, is one of the most representative medical devices. However, the imperfection of model between the capsule robot and the intestine has been one of the biggest obstacles of the development of the capsule robot [6] .
The intestinal is a highly composite heterogeneous tissue characterized by a strong nonlinear stress-strain passive response with an exponential stiffening effect at higher deformations. Since many concerns such as cost and safety, it is hard to perform experimental investigations inside the body whenever the data is required for the endoscope design.
In the past few years, there has been a significant growth in research in the mechanical properties of biological soft tissue treated from the continuum mechanical perspective [7] [8] [9] [10] [11] [12] [13] [14] [15] . Among of them, Holzapfel et al. [7] proposed a new constitutive model, referred to as the Holzapfel-Gasser-Ogden (HGO) model, for the description of the mechanical response of arterial tissue. The artery is modeled as a thickwalled nonlinearly elastic circular cylindrical tube consisting of two layers corresponding to the media and adventitia. Then, Holzapfel [8] developed an approach that allows the determination of material models from uniaxial tests and histostructural data including fiber orientation of the tissue. A combination of neo-Hookean and Fung-type strain-energy functions is utilized, and inequality constraints imposed on the constitutive parameters are derived providing strict local convexity and preferred fiber orientations. In order to correctly model compressible anisotropic behaviour, Nolan et al. [10] presented a modified anisotropic (MA) model, whereby the full anisotropic invariants are used, so that a volumetric anisotropic contribution is represented, and developed a finite element userdefined material subroutine for the simulation of stent deployment in a slightly compressible artery. Through progress in medical imaging, image analysis and finite element methods, it is now possible to construct in vivo patient-specific geometries and thus to study specific, clinically relevant problems in arterial mechanics via FE simulations [16, 17] . Pierce et al. [16] presented a pragmatic methodology to simultaneously account for both the three-dimensional residual stress distributions in the arterial tissue layers, and the equilibrium of the in vivo patient-specific geometry with the known boundary conditions. The development of an anatomically realistic model of the intestinal walls is essential for the progress of the clinical applications of medical robotics. The macroscopic mechanical behavior of the intestinal tissue is characterized by anisotropy, viscoelasticity and a nonlinear stress-strain relationship. A structurally-motivated constitutive model for the intestine has been developed by Ciarletta et al. [18] , who proposed a hyperelastic theory of the layered structure of the intestine to reproduce its purely elastic passive response from the structural organization of its main constituents. The hyperelastic strain energy function is decoupled into an isotropic term, describing the ground biological matrix, and an anisotropic term, describing the single contributions of the directional fiber-reinforcements. Sokolis et al. [19] [20] [21] afforded comprehensive inflation/extension data of intestinal segments from distinct areas, spanning a physiologically relevant deformation range, and investigated in vitro the pseudo-elastic properties of tubular specimens from the ascending, mid, and descending colon, and the rectum of healthy Wistar rats under passive quasi-static conditions and a physiologic range of pressures/axial stretches. A neoHookean and five-fiber family model was chosen as a microstructure-based material model for its efficiency in producing accurate representations of the threedimensional inflation/extension data in relation to the underlying microstructure.
Although the above studies established many anisotropic hyperelastic constitutive models of human soft tissue, there is a lack of finite element models and analysis of human soft tissues, especially the intestine. The objective of this study is to develop a multilayer finite element model of intestinal walls based on a hyperelastic theory of the layered structure of the intestine.
Constitutive Model
The intestinal wall was treated as a nonlinear, pseudo-elastic, homogeneous, and anisotropic material subjected to finite deformation [21] . An indicative scheme of the inner structure of the intestine walls includes the detection of four different layers consisting of mucous membrane,submucosa, longitudinal muscle and circular muscle layers. Two distinct fiber populations of collagen have been distinguished to run in a cross-ply arrangement, uniformly oriented at an angle f = 30° over the longitudinal axis of the intestine [22] .
HGO model
Holzapfel-Gasser-Ogden (HGO) model [7] regarded arteries be composed of thick-walled layers, each of them with a separate strain-energy function. From the engineering point of view, each layer may be considered as a composite reinforced by two families of fibers that are arranged in symmetrical spirals. Assume that each layer of arteries responds with similar mechanical characteristics.
The kinematics of deformation are described locally in terms of the deformation gradient tensor, denoted as F, relative to some reference configuration. The right Cauchy-Green tensor is defined by C = F T F. Accordingly, the deformation gradient F is decomposed multiplicatively as follows [10] :
where J is the determinant of F. Suppose that the material consists of anisotropic matrix material within which are embedded two families of fibres characterized by the two direction unit vectors a 0i , i = 4, 6. Define the following invariants with C, J and a 0i .
where ) associated with anisotropic deformations [7] .
where,
Here, c > 0 is a stress-like material parameter, k 1 > 0 is a stress-like material parameter and k 2 > 0 is a dimensionless parameter. An appropriate choice of k 1 and k 2 enables the histologically based assumption that the collagen fibers do not influence the mechanical response of the artery in the low pressure domain to be modeled.
The original HGO model that does not account for the dispersion is not able to capture accurately the stress-strain response of the whole layers. A invariant, k, was introduced to characterize the dispersion of the collagen fibres of each family, and hence it controls the degree of anisotropy of the hyperelastic formulation, which certainly has a significant influence on the mechanical response. Then, Ψ _ ani in the HGO model (4) was modified by Gasser et al. [23] with the two transversely isotropic potentials Ψ _ fi , i =1, 2, for the embedded families of collagen fibres, therefore, Eq. (4) was rewritten as the following Gasser-OgdenHolzapfel (GOH) model.
Here, I 4i (i = 1, 2) is a tensor invariant equal to the square of the stretch in the direction of a 0i , k i characterizes the distribution of the collagen fibres within the two families of fibres.
Hyperelastic constitutive model
The intestinal wall is considered as an anisotropic continuum with two directions of muscle-fiber reinforcement, represented by the unit longitudinal e l and circular e c vectors in the undeformed configuration, and a cross-ply collagen arrangement in the submucosa, in the directions described by the unit vectors e f and e -f [18] . Here, define the structural tensors as,
The pseudo-invariants derived from the double contraction of the symmetric strain tensor and the structural tensors was expressed as,
Assume that the intestinal walls are incompressible materials. A decoupled expression of the strain energy function was used to describe the hyperelastic behavior.
where, Ψ _ iso is similar to that of Eq. (5), and, Ψ
Multi-Layer Finite Element Model
Assume that each layer of intestinal responds with similar mechanical characteristics. Since intestinal walls are composed of layers, it is desired to model each of these layers with a separate strain energy function instead of model (11) . Eq. (12) can be rewritten with
In reference [23] , the inflation of a thin-walled tube was investigated and a sketch of the thin-walled tube problem was provided, as shown in Fig. 1 . It is assumed that the two families of collagen fibres are embedded symmetrically, with γ denoting the angle between the circumference and the mean orientation a 0i of the fibre families.
Then, it is appropriate to model each layer of the intestinal wall as a fiber-reinforced composite. (14) where, 
Results
The application of the proposed multi-layer finite element model requires a method for the characterization of intestinal tissue. The design of finite element methods involving all relevant deformations is necessary to obtain the best-fit values of the material constants of Eq. (14) . In particular, uniaxial tensile tests performed on strip from the longitudinal and circumferential directions are considered.
Since intestinal tissue is considered incompressible, planar biaxial testing allows for a two dimensional stress state that can be used to fully characterize its mechanical properties. Here, a narrow rectangular central part of referential length L = 50 mm long, referential width w = 10 mm and referential thickness w = 4 mm, was considered as a specimen cut from the intestinal walls. The finite element computations used 500 eight-node composite brick elements shown as Fig. 2 . The composite material of the brick element of the specimen consists of three layers, each of whom represents the longitudinal layer, circular layer and submucosa layer, respectively, as shown in Fig. 3 .
For hyperelastic constitutive model (11) , an experimental procedure [18] has been proposed in order to characterize the passive response of porcine intestinal samples from planar uniaxial traction and shear tests. The fitted mechanical parameters, shown in Table 1 , have been fitted in the least square sense with the results of the theoretical predictions. The principal stresses S 11 , S 22 from the uniaxial tensile tests in the longitudinal and circumferential directions, respectively, are given by
and λ 1 and λ 2 are the principal stretches in the longitudinal and circumferential directions, respectively.
Then, a finite element computation was used to investigate uniaxial strip tests related to multilayer finite element model (14) . For the numerical investigation, the material parameters k 1i , k 2i , (i = a, b, d) were set to be similar to k Table 1 . It remains to fit the remaining material parameters to the experimentally observed response of the intestinal layers. As mentioned, since the orientation of the collagen fibres among either the longitudinal or the circumferential layer is nearly isotropic, k i = 0.333 (i = a, b) of these two layers serves as a convenient initial measure for the fitting purpose. As with the findings in [23] , the value of k in the submucosa was chosen near to 0.226. Therefore, the investigations of potential (14) with respect to the structure parameters were carried out with the material parameters k 
Based on the results of numerical experiments, A set of appropriate parameters c i , Table 2 . Note that the cross-ply arrangement of collagen fiber in the submucosa has twisting angle 30°. The curves of the experimental Cauchy stress under uniaxial traction, fitted with the predictions of the principal stresses given by Equations (16) and (17) in the longitudinal and circumferential directions, respectively, are depicted in Fig. 6 and 7 .
Furthermore, to verify the model，the intestine and a simplified capsule robot with legs were modelled as an axisymmetric structure, as shown in Fig. 8 . The intestine was modelled as a hyperelastic deformable tube with the proposed constitute model and the capsule was modelled as a rigid body. As the boundary conditions for the analysis, both ends of the intestine were fixed in order not to rotate or move towards any directions. 
Conclusions
The present study provides a method to model the intestine walls as a fiber-reinforced composite which consists of two directions of muscle-fiber reinforcement and a cross-ply collagen arrangement. Based on an anisotropic hyperelastic theory of the layered structure, each layer was considered as a composite reinforced by two families of fibers, whose strain-energy function was described by GOH model. The proposed model was validated through finite element simulations by 9.795e+000 8.770e+000 7.745e+000 6.720e+000 5.694e+000 4.669e+000 3.644e+000 2.619e+000 1.594e+000 5.684e−001 − 4.568e−001 using the same form of strain-energy function for each layer, and the model parameters were optimized by fitting the model to the experimental stress-stretch responses in both longitudinal and circumferential directions.
